The electronic structure and the coupling of electrons to the vibrational modes of a single bis ͑ethylenedithio͒-tetrathiafulvalene ͑BEDT-TTF͒ molecule, the building block of a class of organic superconductors, are studied from quantum chemical calculations. We find that the molecular orbital structure near the Fermi energy can be described with a simple tight-binding model involving only the out-of-plane p orbitals on the carbon and sulfur atoms in the central part of the molecule. Just three of the vibrational modes of A g symmetry couple strongly to the electron states resulting in a frequency shift of typically 10% for these modes. The high-frequency A g (11) mode is predicted to be broadened the most by the coupling, by an amount of ϳ8%. The calculated electron-phonon coupling constant in the solid, ϳ0.4, is strong enough to produce a superconducting transition temperature T c ϳ3 -10 K as estimated from McMillan's formula, indicating that the superconductivity in the BEDT-TTF compounds can be explained within the standard BCS electron-phonon coupling theory.
I. INTRODUCTION
Since the introduction of the first organic superconductors in the early 1980s by Bechgaard and co-workers, 1 a number of organic superconductors have been synthesized so far. The more recent sulfur-based cation bis ͑ethylenedithio͒-tetrathiafulvalene ͑BEDT-TTF͒ ͑ET, for short 2 ͒ has produced a series of quasi-two-dimensional compounds with steadily increasing superconducting transition temperatures. The ET series includes the ␤ phase compounds ␤-(ET) 2 X (X Ϫ ϭI 3 Ϫ , IBr 2 Ϫ , etc.͒, the phase compounds -(ET) 2 X(X Ϫ ϭI 3 Ϫ , Cu͑NCS͒ 2 Ϫ , etc.͒, and the phase compounds such as -(ET) 2 I 3 . Of the ten or so superconductors found in the ET series so far, the compound -(ET) 2 Cu͓N͑CN) 2 ]Br has the highest T c of 11.6 K at ambient pressure. 3 The ET superconductors consist of layers of ET molecules and layers of anions alternately stacked. The ET layers are the metallic layers and the anion layers form the insulating layers in a manner somewhat analogous to the high-T c copper-oxide superconductors. In this paper, we analyze the electronic structure of a single ET molecule and examine the strength of the electron-phonon coupling to determine whether it is a plausible mechanism for superconductivity in the ET solids.
II. ELECTRON STATES
The structure of the ET molecule, chemical formula of C 10 S 8 H 8 , is sketched in Fig. 1 . The molecule is roughly planar except for the hydrogen atoms which are attached to the tetrahedral (sp 3 ) bonds on the terminal carbons. The individual atom positions vary slightly from solid to solid and the terminal carbons occurring slightly off plane can be in either the so-called ''A'' or the ''B'' conformation. 4 However, this slight alteration in the atom positions between solids does not introduce any essential change into the molecular-orbital scheme. In view of this, we have chosen here a symmetric form of the molecule with D 2h symmetry for detailed study. In Fig. 2 we show the molecular-orbital scheme obtained from calculations using the quantum-chemical modified neglect of differential overlap ͑MNDO͒ technique. 5 This technique has been successfully used on a wide variety of compounds and yields reasonable results for molecular orbitals, vibrational frequencies, relative energies, molecular structures, and other physical quantities.
We find that the molecular orbitals ͑MO's͒ around the Fermi energy E f are made up of out-of-plane p x orbitals of the carbon and sulfur atoms in the middle part of the molecule, i.e., neither the terminal carbon atoms C o nor the hydrogen atoms contribute significantly to these MO's. To understand the MO scheme, we note as indicated in Fig. 1 3 -hybrid orbitals on an outer carbon atom interacts strongly with either the hydrogen s orbitals, the in-plane sulfur p y /p z orbitals, or a similar sp 3 orbital on the neighboring C o atom. The strong interaction causes the bonding and the antibonding states to be removed away from E f with the result that neither the outer carbon (C o ) nor the hydrogen atoms have any significant contribution to the MO wave functions near E f . Similar strong interactions remove the Csp 2 orbitals and the remaining sulfur p y , p z orbitals away from E f . We are then left with the out-of-plane p x orbitals on the inner and the middle carbon atoms as well as on the sulfur atoms. Now, the sizable pp interaction between the p x orbitals on the adjacent C i or C m pairs of atoms causes the pp* states to be shifted up in energy. These in fact form the lowest unoccupied molecular-orbital ͑LUMO͒ states ͑of symmetry b 1g , b 2g , and a u ), leaving the pp hybrid orbitals on the C i or C m atoms plus the sulfur p x orbitals to form the highest occupied molecular orbitals ͑HOMO's͒.
This picture of chemical bonding in the molecule is verified by the results of our MNDO calculations. The symmetries of the calculated MO's are consistent with the above analysis. As seen from Table I , where we have listed the irreducible representations spanned by various orbitals, the p x orbitals on the C i , C m , S i , and S o atoms together span the 3b 1g ϩ4b 2g ϩ3a u ϩ4b 3u representations of the D 2h group. These orbitals may be identified around the HOMO-LUMO gap in the molecular-orbitals scheme. Of these, the three two-centered carbon pp* orbitals span the b 1g ϩb 2g ϩa u representations and they form the first three LUMO's as anticipated. The projected density-of-states shown in Fig. 3 , where we have broadened the individual MO's by a finiteenergy width for clarity of presentation, confirms again the picture that the p x orbitals on the S i ,S o ,C i , and C m atoms form the MO's around the HOMO-LUMO gap. The calculated HOMO-LUMO gap from the MNDO technique is usually too large and we estimate a gap value of about 3.0 eV in the compound based on a tight-binding fit to the energies of the HOMO's as discussed below.
Since the MO's near the HOMO-LUMO gap were found to be made almost exclusively from the out-of-plane p x orbitals on the S i , S o , C i , and C m atoms, it is useful to obtain a simplified tight-binding Hamiltonian with a minimal basis set of the 14 p x orbitals, each located on one of the atoms. Thus we have the simplified, 14ϫ14 tight-binding Hamiltonian
where ͉i͘ denotes the p x orbital on the ith atom and ͗i, j͘ denotes nearest-neighbor pairs. By fitting to the energies of the appropriate HOMO's obtained from the MNDO calculation, the parameters of the Hamiltonian ͑1͒ were determined to be C ϭϪ0.9 eV, S ϭϪ1.9 eV, V C-C ϭϪ3.0 eV, and V C-S ϭϪ1.5 eV. This simplified model introduces an accidental degeneracy in the energy spectrum between the MO's of b 1g and a u symmetries. The accidental degeneracy arises because ͑i͒ a function belonging to b 1g can always be constructed from an a u function by switching its sign on one side of the molecule and ͑ii͒ the inner carbon atoms C i do not contribute to the MO's of these symmetries. Even though this accidental degeneracy is strictly true only in the nearest-neighbor The wave function of the HOMO, of b 3u symmetry, has been illustrated in Fig. 1 . The wave function has 68% of S-p x and 32% of C-p x character and is consistent with the scanning tunneling microscopy data obtained for the -(ET) 2 Cu͑NCS͒ 2 compound, which indicated a large concentration of the electronic charge on the carbon and the sulfur atoms in the central part of the molecule. 7 The HOMO is separated from the HOMO-1, of b 2g symmetry, by about 0.9 eV in our calculation. The HOMO broadens out to form the conduction bands in the solid, estimated to be about 1.0-1.2 eV wide, 8 such small widths being typical of molecular solids. The b 3u band, which may sometimes be split in the solid due to interaction between two neighboring ET molecules, is partially depleted because of the electron transfer to the anions, and as a result this is the band that occurs at E f .
III. ELECTRON-PHONON COUPLING
The question we address now concerns the plausibility of the electron-phonon ͑e-ph͒ coupling as a mechanism for superconductivity in the ET solids. A phonon affects the electronic energies by altering the electronic hopping matrix elements caused by the change in the interatomic distances. The basic quantity describing this interaction is the e-ph matrix element 9 Atomic orbitals: where ͉mk͘ is a band electron state with the band index m and Bloch momentum k, e iq is the phonon eigenvector with frequency q , and the index i runs over all atoms as well as the Cartesian coordinates. The dimensionless e-ph coupling constant is then given by a double integration over the Fermi surface
Here N(0) is the electronic density of states at E f per spin and the energies are measured with respect to E f . Since we are concerned only with the partially filled HOMO band, of b 3u symmetry, the n,m summation in ͑3͒ over the bands is reduced to summing over just this band. If we now neglect the weak intermolecular coupling as compared to the strong intramolecular coupling, the double integration can be performed analytically to yield ϭN͑0 ͒V e-ph , ͑4a͒
where
so that the strength of the e-ph coupling in the solid can be obtained by computing how the vibrational normal modes are coupled to the electron states of the isolated molecule. The quantity g in ͑4͒ is then determined by how a vibrational mode in the isolated molecule affects the energy of the HOMO, i.e.,
The e-ph coupling produces a softening of the phonon frequency in the solid given by ⌬ ϭϪ2N(0)͉g ͉ 2 and a phonon linewidth of ␥ ϭ2N(0) 2 ͉g ͉ 2 . Not all vibrational modes couple to the electron states in the molecule. Group theory tells us that the coupling is nonzero only if (⌫ el ϫ⌫ el ) sym ϭ⌫ vib . As indicated in Table I , this means that only the A g vibrational modes can couple to the electron states for the D 2h group. There are in total 12 A g vibrational modes and now we proceed to compute the strength of the e-ph coupling for these modes.
The computation of the e-ph coupling strength requires theoretical models for ͑a͒ the vibrational normal modes, ͑b͒ the electron states of the molecule, and ͑c͒ the way in which the electron states change in response to the atomic displacements caused by the vibrational normal modes. The vibrational modes were obtained from the quantum-chemical MNDO calculations. The agreement between the calculated and the measured vibrational frequency is reasonable ͑Table II͒, especially in view of the fact that the calculations were performed on the symmetric molecule. The electron states are described here by the tight-binding Hamiltonian, Eq. ͑1͒, involving just the minimal basis set of the 14 p x orbitals. This is reasonable since as seen from Fig. 2 these p x orbitals contribute about 99% of the wave function of the HOMO. We finally need a model for how the electron states change in response to the change in distance between atoms. This we incorporate by simply scaling the hopping integrals in Eq. ͑1͒ with distance d between nearest-neighbor atoms, following Harrison's universal formula
with the exponent ϭ2 for the p-p matrix elements.
The e-ph couplings calculated from Eqs. ͑2͒-͑5͒ are shown in Table II . As seen from the table, only three of the 12 A g vibrational modes, the A g (1) , A g (4) , and A g (11) modes, with the calculated frequencies of 176, 606, and 1797 cm Ϫ1 , respectively, couple strongly to the HOMO. Indeed a strong coupling for the 502 and 1474 cm Ϫ1 modes are found in the experiments of Sugai et al. 13 ͑The coupling for the lower 176 cm Ϫ1 mode was not reported in the experiments.͒ The A g (11) mode for our symmetric molecule presumably corresponds to the experimental 1474 cm Ϫ1 mode. 14 The coupling for this vibrational mode is strong because of the simultaneous stretching of all CvC bonds ͑see Fig. 1͒ on which a large part of the HOMO wave function is located. In contrast, the nearby A g (10) mode with calc ϭ1737 cm Ϫ1 has a rather small coupling because while the central CvC bond is stretched, the other two are compressed, leading to a cancellation effect. The e-ph coupling results in a softening of the phonon frequency by ϳ10% for these three modes and a relatively large linewidth for the two higher modes as indicated in the table.
The superconducting transition temperature may be estimated from McMillan's formula, TABLE II. Electron-phonon coupling of the HOMO to the vibrational modes of the ET molecule. P denotes the percentage contribution from the C i ,C m ,S i , and S o atoms to the normal mode. (12) ͗ log ͘ 
which holds if the lattice is not coupled too strongly to the electrons ͑р1.5͒. To estimate a value for , we have used the value for the one-electron density of states N(0) ϳ0.8-1.0 states/͑eV spin molecule͒ assuming a bandwidth of ϳ1.0-1.2 eV for the HOMO band 8 and a uniform density of states over this energy range. With the calculated V e-ph ϭ457 meV ͑Table II͒, we then obtain a value of 0.38 -0.45. With an effective Coulomb pseudopotential parameter of *ϳ0.1, McMillan's equation ͑7͒ then yields an estimated T c in the range of 3-10 K in agreement with the typical experimental values of T c for these compounds.
IV. SUMMARY
In summary, we have examined the nature of electron states in a single ET molecule and have obtained a simple tight-binding model for the molecular orbitals around the Fermi energy. These molecular orbitals arise out of the carbon and sulfur out-of-plane p x orbitals, while the outer carbon atoms and the hydrogen atoms do not contribute to the states near the gap. This implies in turn that in the solid, where the ET molecules are stacked together to form conducting planes separated by insulating anion planes, the superconducting electrons are confined to the central part of the molecule. Thus the strongest electron-phonon couplings result for those phonon modes with a strong amplitude in the central part of the molecule. We find, in general agreement with the experiment, that just three of the A g phonons couple strongly to the electrons. The estimated value of the e-ph coupling parameter, ϳ0.4, is consistent with the BCS electron-phonon mechanism for superconductivity in the ET solids.
